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This  paper  describes  the  energy  storage  characterization  for  a  direct  methanol  fuel  cell  (DMFC)  hybrid 
system  for  light  traction  applications.  In  a  first  step,  the  DMFC  stack  and  the  energy  storage  were  dimen¬ 
sioned.  To  dimension  the  energy  storage,  the  required  energy  density  and  power  density  were  calculated. 
These  are  influenced  by  the  operating  states  of  the  vehicle  as  well  as  the  highly  fluctuating  load  profile. 
For  this  kind  of  application  a  high  energy  density  as  well  as  a  high  power  density  is  needed.  Therefore, 
super  capacitors  are  not  the  energy  storage  of  choice.  As  an  alternative,  suitable  batteries  were  ana¬ 
lyzed  in  terms  of  their  behavior  in  the  DMFC  hybrid  system.  Therefore,  a  characterization  procedure  was 
developed  consisting  of  five  different  tests.  These  tests  were  developed  adapted  to  the  requirements  of 
the  application.  They  help  to  characterize  the  battery  in  terms  of  energy  content,  high  power  capability 
during  charge  and  discharge,  thermal  behavior  and  lifetime.  The  tests  showed  that  all  batteries  have  to 
be  operated  on  a  partial  state  of  charge  (pSOC)  and  a  thermal  management  is  very  important.  Especially 
lead-acid  battery  show  an  decrease  in  lifetime  under  a  pSOC  operation.  Therefore,  a  lithium  battery  was 
identified  as  the  suitable  energy  storage  for  the  considered  application. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs)  directly  convert  liquid 
methanol  into  electric  energy.  The  basic  principle  and  the  process 
engineering  of  a  DMFC  are  described  in  [  1 ,2  ].  As  methanol  has  a  very 
high  energy  density,  they  are  attractive  for  various  applications.  For 
example  as  replacements  for  batteries  in  light  traction  applications 
[3].  This  results  in  a  longer  operating  time.  Furthermore,  there  is 
no  need  for  battery  recharging  and  spare  batteries.  In  the  litera¬ 
ture  some  examples  for  DMFCs  in  light  traction  applications  can 
be  found.  In  the  two  4-wheel  electric  scooters  JuMOVe  [2,4]  and 
JuMOVe  2nd  [5]  the  DMFC  replaces  the  lead-acid  traction  battery. 
Another  example  is  the  electric  vehicle  StartLab,  where  the  DMFC  is 
used  as  a  range  extender  [6].  The  DMFC  driven  electric  motorcycle 
FC-me  is  described  in  [7]. 

A  market  analysis  showed  that  the  best  potential  for  DMFC  sys¬ 
tems  in  light  traction  applications  lies  in  the  material  handling 
sector  [8].  Our  current  project  deals  with  the  horizontal  order  picker 
in  [9],  which  is  a  small  fork-lift  truck.  Typically,  a  lead-acid  battery 
is  used  for  traction.  The  aim  of  the  project  is  to  replace  the  traction 
battery  with  a  DMFC  system  while  maintaining  the  same  driving 
performance.  Several  fuel  cell  systems  for  fork-lift  trucks  have  been 
developed  in  the  last  years.  Three  different  classes  of  fork-lift  trucks 
exist  [10].  Systems  for  counterbalanced  trucks  (class  1)  with  a  pro¬ 
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ton  exchange  membrane  fuel  cell  (PEMFC)  are  described  in  [11-14]. 
For  reach  trucks  (class  2)  also  several  PEMFC  systems  exist.  Details 
can  be  found  in  [12-14].  The  rated  power  of  fuel  cell  systems  for 
class  1  and  class  2  fork-lift  trucks  is  between  10  kW  and  30  kW.  For 
pallet  trucks,  which  belong  to  class  3,  a  rated  power  between  1  kW 
and  5  kW  is  needed.  A  PEMFC  system  for  this  kind  of  fork-lift  trucks 
is  described  in  [12].  As  PEMFCs  have  a  high  power  density,  they 
have  advantages  for  class  1  and  class  2  fork-lift  trucks.  DMFCs  have 
advantages  when  a  high  energy  density  is  needed.  This  is  the  case 
for  class  3  fork-lift  trucks,  which  are  normally  used  in  a  three-shift 
operation.  DMFC  systems  for  this  class  can  be  found  in  [  1 5,1 6].  The 
horizontal  order  picker,  which  is  the  exemplary  application  in  our 
project,  is  a  class  3  fork-lift  truck.  In  [16]  details  on  the  first  and 
second  prototype  can  be  found. 

This  paper  deals  with  a  DMFC  system  for  an  horizontal  order 
picker.  As  they  have  a  highly  fluctuating  load  profile  (see  Section  2), 
the  DMFC  has  to  be  hybridized  with  an  energy  storage.  The  energy 
storage  is  used  to  cover  the  acceleration  power  and  to  store  the 
braking  power  (see  Section  3).  In  the  literature  several  concepts  for 
the  coupling  of  the  fuel  cell  and  the  energy  storage  in  such  a  fuel 
cell  hybrid  system  exist.  In  [  1 7]  the  fuel  cell  is  directly  coupled  with 
a  battery  and/or  a  super  capacitor.  The  indirect  coupling  is  done 
with  DC-DC  converters.  For  one  energy  storage  and  one  DC-DC 
converter  either  the  fuel  cell  or  the  energy  storage  can  be  decou¬ 
pled  from  the  load  (e.g.  driving  motor)  via  the  DC-DC  converter. 
For  a  battery  these  concepts  are  shown  in  [18],  for  a  super  capaci¬ 
tor  in  [19,20].  If  the  fuel  cell  and  the  energy  storage  are  decoupled 
from  the  load,  two  DC-DC  converters  are  needed  [19,21].  A  bat- 


5300 


J.  Wilhelm  et  al.  /  Journal  of  Power  Sources  196  (201 1 )  5299-5308 


Fig.  1.  Characteristic  driving  cycle. 


tery  and  a  super  capacitor  can  be  indirectly  coupled  with  a  fuel 
cell  via  two  DC-DC  converters  [20]  or  three  DC-DC  converters  [22]. 
Several  of  these  hybridization  concepts  were  analyzed  in  [23]  with 
simulations  and  experiments. 

The  hybridization  concept  for  the  horizontal  order  picker  will  be 
described  in  Section  3.  If  the  hybridization  concept  is  known,  the 
selection  of  a  suitable  energy  storage  will  be  the  next  step.  Firstly 
the  energy  storage  will  be  dimensioned  in  terms  of  energy  and 
power  density  (see  Section  4.2).  Secondly  several  energy  storages 
will  be  characterized  (see  Section  6).  Therefore,  a  new  character¬ 
ization  procedure  adapted  to  the  requirements  of  the  application 
was  developed  (see  Section  5). 

2.  Characteristic  driving  cycle 

An  exemplary  application  is  the  horizontal  order  picker  in  [9], 
which  is  normally  used  in  large  warehouses  for  material  han¬ 
dling  applications.  The  typical  operation  can  be  described  by  the 
characteristic  driving  cycle  in  Fig.  1.  The  characteristic  driving 
cycle  consists  of  the  three  phases:  acceleration  (Pmotor>  0),  brak¬ 
ing  ( Pmotor  <  0)  and  standstill  ( Pmotor  =  0).  During  a  typical  three  shift 
operation  this  driving  cycle  is  repeated  continuously  without  any 
breaks. 

The  driving  cycle  in  Fig.  1  is  an  approximation  based  on  long¬ 
term  driving  tests  in  a  large  warehouse  as  described  in  [23].  The 
results  of  the  driving  tests  are  the  maximum  amplitude  and  the 
maximum  duration  of  the  acceleration  and  braking  peaks  as  shown 
in  Table  1.  For  the  characteristic  driving  cycle,  these  peaks  are 
approximated  with  triangles  as  shown  in  Fig.  1.  During  standstill, 
the  approximated  power  consumption  is  zero. 

In  Table  2  the  average  and  the  maximum  driving  power  of  the 
vehicle  are  shown.  The  average  driving  power  P driving, avg  is  the  aver- 


Table  1 

Power  value  and  duration  for  the  three  phases  of  the  driving  cycle. 


Phase 

Power  (W) 

Duration  (s) 

Acceleration 

6800 

5.4 

Braking 

-5300 

2.1 

Standstill 

0 

8.6 

Table  2 

Average  and  maximum  driving 

power. 

Parameter 

Power  (W) 

Average  driving  power 

800 

Maximum  driving  power 

2400 

Fig.  2.  DMFC  hybrid  system  setup. 


age  of  the  power  profile  in  Fig.  1 .  The  calculated  value  of  800  W  can 
also  be  found  in  the  data  sheet  of  the  application  [9].  Compared 
to  the  high  power  values  for  acceleration  and  braking  in  Table  1, 
the  average  driving  power  is  very  moderate.  This  difference  comes 
from  the  long  standstill  phase,  where  the  vehicle  stops  to  be  loaded 
with  different  goods.  When  the  vehicle  is  driven  according  to  this 
characteristic  driving  cycle,  this  is  called  normal  operation.  How¬ 
ever,  the  vehicle  can  also  be  driven  at  maximum  speed.  During  this 
constant  driving,  the  maximum  driving  power  P driving, max  is  2400  W 
[9].  This  is  called  abnormal  operation. 

3.  Hybridization  concept 

The  aim  is  to  build  a  DMFC  system  which  has  the  same  perfor¬ 
mance  as  the  original  traction  battery.  The  following  reasons  are 
the  motivation  to  hybridize  the  fuel  cell  with  an  energy  storage: 

•  limited  dynamic  behavior  of  the  fuel  cell  [19] 

•  need  for  energy  recovery  during  braking  [22] 

•  size  reduction  of  the  fuel  cell  [24] 

•  traction  power  during  fuel  cell  start-up  [25] 

For  the  hybridization,  several  concepts  are  possible  (see  Section 
1 ).  Basically,  series  hybrid  systems  can  be  divided  into  the  following 
two  groups  [26]: 

•  passive  hybrids:  direct  coupling  of  fuel  cell  and  energy  storage 

•  active  hybrids:  indirect  coupling  of  fuel  cell  and  energy  storage 
via  converters 

In  Section  1  a  literature  review  on  different  hybridization  con¬ 
cepts  was  presented.  On  the  basis  of  this  literature  review,  several 
of  these  concepts  were  analyzed  in  [23].  Therefore,  four  basic 
hybridization  concepts  were  identified.  They  were  characterized 
with  simulations  and  experiments.  According  to  the  criteria  of  sys¬ 
tem  efficiency,  required  fuel  cell  power  and  dynamic  behavior  of 
the  fuel  cell,  an  active  series  hybrid  with  a  buck  converter  between 
the  fuel  cell  (FC)  and  the  energy  storage  (ES)  is  the  best  concept 
for  this  application  [23,27].  The  resulting  system  setup  can  be  seen 
in  Fig.  2.  The  buck  converter  steps  down  the  fuel  cell  voltage  UEc, 
resulting  in  a  converter  output  voltage  that  is  equal  to  the  energy 
storage  voltage  UES.  The  output  current  /dcdc  of  the  buck  converter 
is  controlled  [28].  As  the  converter  is  unidirectional,  IDCdc  is  always 
>0,  whereas  the  energy  storage  current  IEs  and  the  motor  current 
Imotor  can  have  both  directions  as  shown  in  Table  3. 


Table  3 

Direction  of  energy  storage  and  motor  current. 


Parameter 

>0 

<0 

Ies 

Discharge 

Charge 

Imotor 

Acceleration 

Braking 
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Pfc 

1300  W 


► 


driving, avg 

800  W 


JL 

130  W 


P  peripheral 

200  W 


PeS.Ioss 

170  W 


Fig.  3.  Energy  flow  diagram. 


4.  Dimensioning  of  DMFC  stack  and  energy  storage 

4. 1 .  DMFC  stack  dimensioning 


The  main  goal  of  the  control  strategy  is  to  maintain  the  state 
of  charge  of  the  energy  storage  on  a  constant  level  [28].  To  reach 
this  goal,  the  useable  electric  power  from  the  DMFC  hybrid  system 
should  be  equal  to  the  average  driving  power  P driving, avg  shown  in 
Table  2.  Calculating  backwards,  the  required  fuel  cell  power  PFC  can 
be  expressed  as: 


PfC  —  P driving,  avg  +  P peripheral  +  PeS,  loss  +  PdCDC,  loss 


(1) 


In  addition  to  the  driving  power,  the  power  consumption  of  the 
peripheral  components  Peripheral  must  be  covered.  A  DMFC  sys¬ 
tem  needs  several  peripheral  components  (e.g.  pumps,  blowers) 
as  described  in  [28].  The  power  consumption  of  each  component 
is  known  from  the  data  sheet.  In  the  worst-case  the  overall  power 
consumption  of  the  peripheral  components  is  200  W.  As  there  are 
losses  in  the  DMFC  hybrid  system,  they  also  have  to  be  taken  into 
consideration.  Electrical  power  losses  exist  at  the  energy  storage 
( Pesjoss )  and  the  buck  converter  (Pdcdc, loss)-  Losses  of  the  energy 
storage  include  the  charge  and  discharge  losses.  The  power  losses 
were  determined  by  simulations  using  the  efficiency  of  the  buck 
converter  and  the  energy  efficiency  of  the  energy  storage  [23  ].  With 
the  average  driving  power  according  to  Table  2,  the  energy  flow 
diagram  in  Fig.  3  shows  how  PFC  is  calculated.  The  indicated  power 
values  represent  the  average  values  of  the  energy  flows.  As  a  result, 
the  required  DMFC  stack  power  is  1300  W. 


4.2.  Energy  storage  dimensioning 


As  the  DMFC  stack  delivers  the  average  driving  power,  the  main 
task  of  the  energy  storage  is  to  cover  the  peak  power  during  acceler¬ 
ation  and  to  store  the  peak  power  during  braking.  The  dimensioning 
parameters  are  the  minimum  energy  content  and  the  maximum 
power  (charge  and  discharge).  They  are  used  to  calculate  the  mini¬ 
mum  energy  density  EDmin  and  the  minimum  power  density  PDmin. 
These  dimensioning  parameters  are  influenced  by  the  following 
operating  states  of  the  vehicle: 


•  state  1 :  start-up 

•  state  2:  normal  operation 

•  state  3:  abnormal  operation 

Parameters  of  these  operating  states  are  shown  in  Table  4.  These 
three  operating  states  have  different  influences  on  the  dimension¬ 
ing  parameters  EDmin  and  PDmin.  In  the  following  these  influences 
will  be  described  basically,  whereas  detailed  calculations  can  be 
found  in  [23]. 

During  start-up  (state  1)  the  DMFC  stack  is  heated  up.  The 
heating-up  of  the  DMFC  stack  last  about  20  minutes.  To  avoid  aging 
of  the  fuel  cell,  the  maximum  fuel  cell  power  is  limited  depending 
on  the  actual  fuel  cell  temperature.  This  limitation  is  implemented 


Table  4 

Operating  states  of  the  vehicle. 


State 

Pmotor  (W) 

Pfc  (W) 

Duration 

Driving  power  from  . . . 

1  a 

800 

0 

20  min 

ES 

1  b 

2400 

0 

20  min 

ES 

2 

800 

1300 

24  h 

FC  +  ES 

3 

2400 

1300 

10  min 

FC  +  ES 

in  the  control  strategy  [23,28].  As  an  assumption,  the  fuel  cell  power 
is  set  here  to  PFC  =  0W  during  heating-up.  In  Table  4,  two  cases 
are  distinguished  for  the  motor  power  Pmotor  during  start-up.  As 
described  in  Table  2,  the  vehicle  can  be  driven  according  to  the 
characteristic  driving  cycle  ( Pmotor  =  Pdriving,avg  =  800  W)  or  at  its 
maximum  driving  power  ( Pmotor  =  Pdriving,max  =  2400  W).  As  there 
is  no  power  output  from  the  DMFC  stack,  the  driving  power  for  the 
motor  only  comes  from  the  energy  storage  (ES),  thus  resulting  in  a 
discharge.  Additionally,  also  the  power  consumption  of  the  periph¬ 
eral  components  must  be  covered  by  the  energy  storage.  This  is  the 
case  for  all  operating  states.  Simulations  in  [23]  were  carried  out  to 
calculate  the  energy  storage  powers  PEs,\a  and  Pesw  for  Loth  cases 
of  this  operating  state.  The  integration  of  PEs, \a  and  PEs,\b  results  in 
the  minimum  required  energies  EES>minFla  and  E£Smin  lb,  which  will 
be  used  to  calculate  EDmin. 

During  normal  operation  (state  2),  the  vehicle  is  driven  accord¬ 
ing  to  the  characteristic  driving  cycle  (see  Section  2).  Theoretically, 
for  this  operating  state  the  duration  is  only  limited  by  the  size  of 
the  methanol  tank.  As  an  assumption  the  vehicle  could  be  operated 
according  to  the  characteristic  driving  cycle  for  24  h  without  refuel¬ 
ing.  The  motor  power  in  Table  4  is  the  same  as  for  state  1  a,  whereas 
the  DMFC  stack  delivers  its  maximum  power  as  described  in  Sec¬ 
tion  4.1.  If  the  DMFC  stack  delivers  its  maximum  power  and  the 
vehicle  is  driven  according  to  the  characteristic  driving  cycle,  the 
energy  storage  will  stay  at  a  fixed  state  of  charge  (see  Section  4.1). 
This  results  in  a  very  small  depth  of  discharge,  which  is  described 
by  the  minimum  required  energy  ££S,min, 2  f°r  this  operating  state. 
p£s,min,2  is  calculated  in  the  same  way  as  for  operating  state  1. 

In  state  3,  the  vehicle  is  driven  at  its  maximum  driving  power 
according  to  Table  2.  This  is  called  abnormal  operation  (see  Section 
2).  This  operating  state  is  only  allowed  for  10  minutes.  The  DMFC 
stack  power  is  the  same  as  in  state  2.  As  the  driving  power  of  the 
motor  is  higher  than  the  average  driving  power,  which  was  the 
basis  for  the  DMFC  stack  dimensioning  in  Section  4.1,  the  differ¬ 
ence  has  to  be  delivered  by  the  energy  storage.  The  discharge  of 
the  energy  storage  can  be  expressed  by  calculating  the  minimum 
required  energy  EES  min  3  for  this  operating  state.  This  is  done  in  the 
same  way  as  for  operating  state  1. 

The  influence  on  the  minimum  power  density  PDmin  depends 
on  the  driving  cycle  of  the  vehicle.  For  the  calculation  of  the  min¬ 
imum  power  density  PDmin  only  the  peak  power  during  discharge 
is  taken  into  consideration.  If  the  vehicle  is  driven  according  to  the 
characteristic  driving  cycle  (state  1  a  and  state  2),  the  maximum 
peak  power  during  charging  and  discharging  of  the  energy  storage 
are  similar  to  the  acceleration  and  braking  power  of  the  driving 
cycle  in  Table  1  diminished  by  the  DMFC  stack  power  according 
to  Table  4.  Additionally,  the  consumption  of  the  peripheral  compo¬ 
nents  is  taken  into  consideration  for  this  calculation.  The  maximum 
discharge  powers  PES,max,\a  and  PES,max, 2  for  the  energy  storage  were 
thus  calculated  [23].  If  the  vehicle  is  driven  at  its  maximum  driving 
power  (state  1  b  and  state  3),  there  is  no  acceleration  and  braking  as 
the  vehicle  drives  with  constant  speed.  Therefore,  there  is  no  peak 
power  demand  for  the  energy  storage  {PES,max,\b  =PES,max,3  =  0  W). 

To  calculate  the  minimum  energy  and  power  density,  the  max¬ 
imum  available  space  for  the  energy  storage  VES <max  is  needed.  The 
complete  DMFC  system  has  to  fit  into  the  original  battery  box  of 
the  horizontal  order  picker  [1 6].  For  some  components  the  required 
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Table  5 

Performance  limits  for  the  energy  storage. 


Parameter 

Value 

EDmin 

65  Whl-1 

PDmin 

350W1-1 

space  is  fixed.  The  calculated  DMFC  stack  power  (see  Section  4.1) 
defines  the  volume  of  the  DMFC  stack  and  the  size  of  the  buck  con¬ 
verter.  The  corresponding  losses  of  the  DMFC  stack  define  the  size 
of  the  condenser.  The  volume  of  the  tank  is  variable  in  contrast  and 
defines  the  range  of  the  vehicle.  In  [16],  the  complete  system  setup 
is  described.  For  an  optimized  design,  the  maximum  available  space 
for  the  energy  storage  is  20 1.  Therefore,  EDmin  and  PDmin  are  calcu¬ 
lated  using  Eqs.  (2)  and  (3).  The  results  of  these  two  calculations 
are  shown  in  Table  5. 


rr^min  — 

max  [EES,min, Ion  ^£S,mz'n,lb?  E ES,min,2 »  E ES,min,3j 

(2) 

V ES,max 

PDmin  = 

max  (PES,max,lai  P ES,max,lb >  PES,max,2i  PES,max,3 ) 

(3) 

^ES,  max 

For  the  decision  regarding  which  kind  of  energy  storage  is  suit¬ 
able  for  this  application,  a  Ragone  chart  is  used.  The  basis  for 
the  Ragone  chart  is  a  market  analysis  of  available  energy  stor¬ 
ages,  which  was  conducted  in  [23].  The  Ragone  chart  with  the 
performance  limits  according  to  Table  5  can  be  seen  in  Fig.  4.  It 
becomes  clear  that  the  energy  density  of  super  capacitors  is  too 
small,  whereas  batteries  could  have  a  suitable  energy  and  power 
density.  These  batteries  are  indicated  with  the  gray  rectangle  in 
Fig.  4.  For  the  characterization  in  the  following  sections,  three  suit¬ 
able  batteries  were  chosen. 

5.  Characterization  procedure 

5.1.  Motivation 

The  Ragone  chart  in  Fig.  4  gives  a  first  clue  as  to  which  battery 
could  be  used  as  an  energy  storage.  In  addition  to  the  described 
performance  limits  EDmin  and  PDmin  several  aspects  are  important 


©  Lead-acid  battery 
o  Lithium  battery 
o  NiMH  battery 
o  Super  capacitor 


Fig.  4.  Ragone  chart  with  performance  limits. 


Fig.  5.  Characterization  procedure. 


for  the  use  of  a  battery  in  the  desired  application.  The  following 
questions  should  therefore  be  answered  in  advance: 

•  Is  the  energy  content  dependent  on  the  discharge  current? 

•  What  is  the  maximum  state  of  charge  (SOC)  range  in  which  the 
battery  could  be  used? 

•  Is  it  possible  to  cover  the  start-up  of  the  DMFC  stack  with  the 
battery? 

•  What  is  the  thermal  behavior  of  the  battery? 

•  Is  there  an  influence  on  the  battery  lifetime  under  this  operation 
mode? 

To  answer  these  questions,  a  characterization  procedure  was 
developed,  which  consists  of  the  steps  indicated  in  Fig.  5.  The  char¬ 
acteristics  of  the  different  characterization  steps  and  why  they  were 
chosen  will  be  explained  in  the  following  sections. 

5.2.  Capacity  test 

The  Ragone  chart  in  Fig.  4  is  based  on  manufacturer  data  on 
the  different  energy  storages.  To  calculate  the  energy  density  of  a 
battery,  the  manufacturer  performs  a  capacity  test  with  a  defined 
discharge  current.  For  an  ideal  battery,  the  discharged  capacity 
would  be  the  same  for  different  discharge  currents.  However,  in 
reality  there  is  a  dependency  on  the  discharge  current  [29].  This 
is  called  Peukert’s  law.  To  determine  this  dependency,  different 
capacity  tests  with  different  discharge  currents  were  performed 
for  each  battery.  For  this  test  an  electronic  load  and  a  power  sup¬ 
ply  were  connected  in  parallel  to  the  battery.  At  first  the  battery 
was  fully  charged  using  the  constant  voltage  (CV)-constant  cur¬ 
rent  (CC)  charging  method.  Afterwards  the  fully  charged  battery 
was  discharged  with  a  constant  current  using  the  electronic  load. 
The  result  is  the  discharged  energy  Ecap  for  a  discharge  current  Jcap. 

5.3.  Voltage  limit  test 

As  described  in  Section  4.2,  the  main  task  of  the  battery  is  to 
cover  the  peak  power  during  acceleration  and  to  store  the  peak 
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power  during  braking.  The  battery  voltage  UES  will  increase  dur¬ 
ing  braking  (=  charge)  and  will  decrease  during  acceleration  (= 
discharge).  The  voltage  level  of  the  DMFC  system  should  always 
be  24  V±  30%  =  [16.8  V,  31.2  V].  This  has  to  do  with  the  motor  con¬ 
troller  of  the  horizontal  order  picker,  which  needs  a  certain  voltage 
and  is  set  to  failure  mode  otherwise.  Therefore,  it  is  important  to 
know  which  is  the  maximum  state  of  charge  for  charging  the  bat¬ 
tery  during  braking  without  violating  the  maximum  voltage  level 
V level, max  =  31 .2  V.  This  operating  point  is  defined  by  the  maximum 
open  circuit  voltage  UEs,oo,max •  On  the  other  hand,  it  is  important  to 
know  which  is  the  minimum  state  of  charge  for  discharging  the 
battery  during  acceleration  without  violating  the  minimum  volt¬ 
age  level  U level, min  =  16.8  V.  This  operating  point  is  defined  by  the 
minimum  open  circuit  voltage  ffe.oo.mm- 

A  fully  charged  battery  was  thus  operated  with  a  cycle  consisting 
of  a  sequence  of  an  acceleration  peak  and  a  braking  peak  according 
to  Table  1  followed  by  a  no  load  phase.  Therefore,  the  battery  was 
connected  in  parallel  with  a  power  sink  and  a  power  source.  The 
power  sinks  simulates  the  power  consumption  of  the  motor  during 
acceleration,  whereas  the  power  source  represents  the  braking.  As 
the  open  circuit  voltage  needs  some  time  to  reach  steady  state,  the 
no  load  phase  for  the  voltage  limit  test  is  longer  than  the  standstill 
of  the  characteristic  driving  cycle  as  defined  in  Table  1.  At  the  end 
of  the  no  load  phase  the  open  circuit  voltage  of  the  battery  was 
measured,  which  will  be  described  later. 

The  number  of  repetitions  of  this  sequence  is  indicated  with  n. 
The  minimum  voltage  UEs,min,n  for  each  acceleration  peak  and  the 
maximum  voltage  UEStmaxtn  for  each  braking  peak  were  measured. 
The  voltage  at  the  end  of  each  no  load  phase  is  the  open  circuit  volt¬ 
age  UEstoo,n  at  that  working  point.  The  maximum  operating  range 
of  the  battery  between  UEstoo,max  and  t4s,oo,mm  was  determined  as 
follows: 

•  Upper  limit: 

^ES,00,max  =  UES,00,n,  if  EJ ES,max,n  =  U level, max  (4) 

•  Lower  limit: 

U ES,00,min  —  EJ ES,00,n >  if  El ES,min,n  —  EJ level, min  (5) 

After  each  repetition  of  the  defined  cycle  the  relations  in  Eqs.  (4) 
and  (5)  are  checked.  If  the  measured  maximum  voltage  EJEs<max,n  is 
equal  to  the  defined  maximum  voltage  level  EJleveimaxt  the  measured 
open  circuit  voltage  UESioo,n  at  that  operating  point  is  the  requested 
maximum  open  circuit  voltage  Lfe.oo, max-  This  is  defined  by  Eq.  (4). 
The  requested  minimum  open  circuit  voltage  U£soo,mm  is  calculated 
with  Eq.  (5)  in  the  same  way.  The  corresponding  maximum  and 
minimum  state  of  charge  can  be  calculated  using  the  linearized 
characteristic  curve  of  a  battery  defined  by 

SOC{max,mm}  =  ( JTl  •  Ues, 00, {max, min}  ~  f)  '  100^  (6) 

The  parameters  m  and  t  can  be  calculated  from  discharge  curves, 
which  can  be  found  in  the  manufacturer  data.  As  will  be  described 
later,  for  the  tested  batteries  this  linearization  is  possible  between 
10%  and  90%  SOC. 

5.4.  Driving  test 

As  described  in  Section  4.2,  the  vehicle  is  driven  by  the  battery 
during  start-up  of  the  DMFC  system.  Furthermore,  Section  5.3  indi¬ 
cates  that  the  battery  is  not  operated  at  100%  SOC,  but  rather  at 
a  partial  state  of  charge  (pSOC).  Therefore,  the  question  is  if  the 
battery  can  cover  the  start-up  in  this  case.  The  driving  test  was 
thus  defined.  The  starting  point  was  the  maximum  state  of  charge 
SOCmax  as  determined  in  Section  5.3.  The  battery  was  then  loaded 


with  the  characteristic  driving  cycle  (see  Fig.  1).  The  experimen¬ 
tal  setup  is  the  same  as  for  the  voltage  limit  test  in  Section  5.3. 
The  test  was  finished  when  the  minimum  state  of  charge  SOCmin 
was  reached.  The  total  amount  of  discharged  energy  Edrive  was  cal¬ 
culated  and  compared  with  Estart<min ,  the  energy  needed  for  the 
start-up  phase.  The  battery  passes  the  driving  test,  if 

T drive  —  E start,  min  (7) 

is  fulfilled.  Estartjnin  was  calculated  from  the  minimum  energy  den¬ 
sity  EDmin  in  Table  5  for  a  battery  volume  of  201  (see  Section  4.2), 
taking  into  consideration  that  only  50%  of  the  total  energy  con¬ 
tent  of  a  battery  is  useable  (see  Section  6.3).  The  minimum  energy 
ED start win  during  start-up  is  650  Wh. 

5.5.  Thermal  behavior 

For  safety  reasons  (especially  with  lithium  batteries)  and  life¬ 
time,  it  is  important  to  know  the  thermal  behavior  of  the  battery 
during  operation  in  the  DMFC  hybrid  system.  For  this  test,  the 
DMFC  hybrid  system  in  Fig.  2  was  set  up  in  a  test  rig.  Therefore, 
the  DMFC  stack  was  simulated  with  a  power  source.  The  behavior 
of  the  driving  motor  was  simulated  with  a  power  sink  (acceleration 
and  driving)  and  a  power  source  (braking).  The  buck  converter  was 
controlled  according  to  the  control  strategy  in  [28].  This  system 
was  then  tested  with  the  characteristic  driving  cycle  (see  Fig.  1). 
The  temperature  of  the  battery  was  measured.  The  battery  fails  the 
test  if  a  maximum  temperature  is  reached. 

5.6.  Lifetime  test 

As  described  in  Section  5.3,  the  battery  is  not  operated  at  100% 
SOC,  but  rather  at  a  partial  state  of  charge  (pSOC).  Lead-acid  batter¬ 
ies  in  particular  will  suffer  under  a  sulfation  of  the  negative  plate 
as  reported  in  [30]  when  they  are  operated  on  a  pSOC  between  30% 
and  70%.  This  will  cause  a  rapid  decrease  in  the  lifetime.  There  are 
no  overnight  rest  periods  during  operation  of  the  vehicle  (see  Sec¬ 
tion  2).  Therefore,  it  is  not  possible  for  prevention  of  sulfation  to 
recharge  the  battery  completely  during  these  rest  periods. 

A  procedure  was  developed  to  test  the  lifetime  of  batteries  under 
pSOC  operation.  These  tests  were  performed  at  the  Institute  for 
Power  Electronics  and  Electrical  Drives  (ISEA)  at  RWTFI  Aachen 
University.  The  basis  for  the  lifetime  test  was  a  test  cycle,  which 
consists  of  the  following  five  steps: 

•  step  1 :  battery  charge  (2  h  @  100  A) 

•  step  2:  repetition  of  test  cycle  A  (see  Fig.  6)  until  30%  of  the  nom¬ 
inal  capacity  has  been  discharged 

•  step  3:  repetition  of  test  cycle  B  (see  Fig.  6)  until  the  duration  of 
step  2  and  step  3  is  22  h 

•  step  4:  28  repetitions  of  steps  1  to  3 

•  step  5:  capacity  test  (battery  charge  ->  battery  discharge  with 
10  A) 

The  lifetime  tests  were  performed  in  a  special  test  rig,  in  which 
the  tested  battery  is  connected  in  parallel  with  a  current  source  and 
a  current  sink.  For  step  1  the  current  source  is  used  to  charge  the 
battery  as  defined.  In  step  2  and  step  3  the  current  source  and  the 
current  sink  are  used  to  load  the  battery  with  the  defined  cycles  A 
and  B.  In  step  5  firstly  the  battery  is  fully  charged  using  the  current 
source.  Secondly  the  battery  is  discharged  using  the  current  sink. 

Cycle  A  and  cycle  B  in  Fig.  6  are  an  approximation  for  the  start¬ 
up  and  the  normal  operation  of  the  DMFC  system  as  described  in 
section  4.2.  During  start-up  the  vehicle  is  only  driven  by  the  battery. 
Therefore,  the  battery  load  is  described  by  the  characteristic  driving 
cycle  in  Fig.  1.  Cycle  A  approximates  the  characteristic  driving  cycle 
by  using  constant  current  steps  for  the  acceleration  and  the  braking 
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Fig.  6.  Test  cycle  for  lifetime  test  (battery  current  IEs> 0  for  discharge  and  <0  for 
charge). 


peak.  The  current  steps  are  equal  to  the  average  current  for  a  voltage 
of  24  V  during  acceleration  and  braking.  The  operation  of  the  battery 
in  step  2  is  equal  to  the  operation  during  start-up  of  the  DMFC 
system.  Different  to  cycle  A  is  the  last  current  step  at  -50  A  in  cycle 
B.  This  represents  the  battery  charge  by  the  DMFC  stack  during 
standstill  of  the  vehicle.  Therefore,  cycle  B  is  equal  to  the  normal 
operation.  During  this  approximated  normal  operation  in  step  3, 
the  battery  remains  on  a  constant  SOC.  All  five  steps  were  repeated 
until  the  end  of  life  (EOL)  of  the  battery  was  reached,  which  is  equal 
to  a  state  of  health  (SOFI)  of  80%  [29].  The  number  of  repetitions 
is  indicated  with  n.  The  capacity  test  in  step  5  was  performed  to 
measure  the  actual  capacity  CEs,n  of  the  battery.  The  SOFI  is  thus 
defined  as  follows: 

SOHn  =  ^  (8) 

C£S,0 

SOHn  is  the  state  of  health  after  n  repetitions  of  the  described  pro¬ 
cedure.  The  discharged  capacity  at  that  point  is  C£s,n»  whereas  CES< o 
defines  the  capacity  discharged  during  a  capacity  test  at  the  begin¬ 
ning  of  the  lifetime  test. 


Table  6 

Characteristic  battery  data. 


Characteristic  data 

Lead-acid  battery 

Lithium  battery 

A 

B 

Cell  technology 

Spiral-wound 

Cylindrical 

Coffee-bag 

AGM  separator 

NCA  cathode 

NMC  cathode 

high  power 

high  energy 

Number  of  cells 

12s 

7s 

7s  2p 

Nominal  voltage 

24  V 

25.2  V 

25.2  V 

Rated  capacity 

50  Ah 

45  Ah 

80  Ah 

Energy  density 

67.7  Whl”1 

64.2  WL1 

141.4  Wh  1_1 

Power  density 

735.5  Wl_1 

1543.6  Wl_1 

518.5  WhF1 

Volume 

18.61 

17.81 

16.21 

As  indicated  in  Fig.  4  lithium  and  NiMFI  batteries  could  also  cope 
with  the  performance  limits.  Several  battery  manufacturers  have 
been  contacted  to  find  a  suitable  battery.  At  the  time  when  this 
work  was  done,  it  was  not  possible  to  find  a  suitable  NiMFI  battery 
on  the  market.  All  offered  NiMFI  batteries  could  not  be  integrated  in 
the  available  space.  However,  two  possible  lithium  batteries  were 
identified. 

The  chosen  lead-acid  battery  was  a  special  spiral-wound  bat¬ 
tery  with  an  absorbent  glass  mat  (AGM)  separator  [31],  which  is 
predestinated  for  high  peak  currents.  The  characteristic  data  of  this 
battery  are  indicated  in  Table  6  according  to  [32,33].  The  energy 
density  and  the  power  density  are  greater  than  the  performance 
limits  in  Table  5.  As  the  system  voltage  should  be  24  V  (see  Section 
5.3),  two  12  V  battery  blocks  were  connected  in  series. 

The  characteristic  data  of  the  two  lithium  batteries  can  also 
be  seen  in  Table  6.  The  values  for  the  energy  and  the  power 
density  were  calculated  from  the  density  values  of  the  single 
cells  indicated  in  [34,35].  Compared  with  the  performance  lim¬ 
its  in  Table  5,  it  becomes  clear  that  both  batteries  lie  within  the 
defined  range.  The  energy  density  of  lithium  battery  A  is  slightly 
lower  than  the  limit  of  65  Whl-1,  but  this  small  difference  is  tol¬ 
erable.  Lithium  battery  A  uses  high  power  cells  (HP),  whereas 
lithium  battery  B  uses  high  energy  cells  (HE).  As  lithium  battery 
B  uses  high  energy  cells,  two  strings  of  seven  cells  in  series  had 
to  be  connected  in  parallel  (7s  2p)  instead  of  only  seven  cells 
in  series  (7s)  for  lithium  battery  A.  This  was  done  to  achieve 
a  suitable  power  density.  They  also  differ  in  the  cathode  mate¬ 
rial.  Lithium  battery  A  uses  lithium-nickel-cobalt-oxide  (NCA) 
for  the  positive  electrode  [34],  whereas  lithium  battery  B  uses 
lithium-nickel-manganese-cobalt-oxide  (NMC)  [36]. 


6.  Energy  storage  characterization 

6.1.  Introduction 

The  Ragone  chart  in  Fig.  4  indicates  that  several  batteries  ful¬ 
fil  the  performance  limits  EDmin  and  PDmin.  As  described  in  Section 

4.2,  the  battery  has  two  main  tasks:  deliver  acceleration  peak  power 
and  store  braking  peak  power.  If  we  compare  the  operation  mode 
of  the  battery  in  the  DMFC  hybrid  system  with  the  original  traction 
battery,  it  becomes  clear  that  the  peak  load  of  both  is  very  sim¬ 
ilar.  The  only  difference  is  that  the  traction  battery  is  discharged 
during  driving,  whereas  the  battery  in  the  DMFC  system  stays  at  a 
fixed  state  of  charge.  As  the  original  traction  battery  was  a  lead-acid 
battery,  the  first  battery  that  was  characterized  was  also  a  lead- 
acid  battery.  There  are  some  additional  advantages  associated  with 
using  a  lead-acid  battery  in  the  DMFC  hybrid  system: 

•  150  years  of  operational  experience 

•  common  battery  in  the  field  of  light  traction  applications 

•  high  availability  on  the  market 

•  battery  technology  with  lowest  costs 


6.2.  Capacity  test 

To  determine  if  the  discharged  energy  Ecap  depends  on  the  dis¬ 
charge  current  Jcap,  two  capacity  tests  were  performed  with  each  of 
the  three  batteries:  the  first  with  a  discharge  current  of  around  1 0  A 
and  the  second  with  a  rated  discharge  current  of  1  C.  The  results 
are  shown  in  Table  7.  As  can  be  seen,  the  discharged  energy  Ecap 
is  very  much  dependent  on  the  discharge  current  in  the  case  of 
the  lead-acid  battery.  This  is  a  well  known  phenomenon  for  lead- 
acid  batteries  [37].  This  also  becomes  clear  when  looking  at  the 
discharge  curve  in  Fig.  7.  Here,  the  battery  voltage  UES  is  plotted 


Table  7 

Results  of  the  capacity  test. 


Battery 

leap  (A) 

Ecap  (Wh) 

EDcop  (Whl-1) 

Lead-acid 

9.4 

735.5 

39.5 

49.4 

377.9 

20.3 

Lithium  A 

9.4 

1009.5 

56.7 

44.5 

954.7 

53.6 

Lithium  B 

9.4 

1993.5 

123.1 

79.4 

1920.5 

118.5 
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Fig.  7.  Discharge  curve  for  the  lead-acid  battery. 


against  the  discharged  battery  capacity  Ccap  for  both  discharge  cur¬ 
rents.  With  the  discharged  energy  Ecap  in  Table  7  and  the  battery 
volume  in  Table  6,  a  related  energy  density  EDcap  can  be  calculated 
for  each  capacity  test.  Comparing  the  results  in  Table  7  with  the 
performance  limit  EDmin  in  Table  5  reveals  that  the  energy  density 
derived  from  the  capacity  test  is  too  small. 

For  the  lithium  batteries  the  dependency  of  the  discharged 
energy  Ecap  on  the  discharge  current  is  very  small  compared  to  the 
results  for  the  lead-acid  battery.  This  phenomenon  is  known  for 
lithium  batteries  [37].  The  difference  between  lithium  and  lead- 
acid  batteries  becomes  clear  when  comparing  the  discharge  curve 
of  lithium  battery  A  in  Fig.  8  with  the  discharge  curve  of  the  lead- 
acid  battery  in  Fig.  7.  The  discharge  curve  for  lithium  battery  B  is 
similar.  The  related  energy  densities  for  the  capacity  tests  of  the 
lithium  batteries  are  also  shown  in  Table  7.  For  lithium  battery  B, 
they  are  greater  than  the  performance  limit  in  Table  5.  For  lithium 
battery  A,  they  are  a  bit  lower,  but  the  difference  is  tolerable. 

6.3.  Voltage  limit  test 

The  voltage  limit  test  for  all  three  batteries  was  performed  as 
described  in  Section  5.3.  Using  Eqs.  (4)  and  (5),  it  is  possible  to 
extract  the  following  two  dependencies  from  the  measurements: 

Ues  ,max  —  KUes,  oo)  (9) 


Table  8 

Characteristic  curve  parameters. 


Parameter 

Lead-acid  battery 

Lithium  battery 

A 

B 

m 

0.42  V-1 

0.19V-1 

0.21V-1 

t 

9.90 

4.58 

4.95 

UES,min=f(UES,  00)  (10) 

To  obtain  the  dependency /(SOC)  for  Eqs.  (9)  and  (10),  we  used 
the  linearized  characteristic  curve  in  Eq.  (6)  with  the  parameters  m 
and  t  indicated  in  Table  8.  These  parameters  were  calculated  with 
data  from  [31]  for  the  lead-acid  battery  and  from  [34,35]  for  the 
lithium  batteries.  The  results  are  shown  in  Figs.  9-11.  Flere  UEs,max 
and  UESjnjn  versus  the  SOC  are  plotted.  The  voltage  limits  U/eve/  max 
and  Uievei  min  (see  Section  5.3)  are  also  shown. 

The  values  for  the  two  voltage  limits  U/eve/  max  and  U/eve/  min  in  the 
case  of  the  lithium  batteries  were  different  to  the  voltage  limits  for 
the  lead-acid  battery.  For  the  lithium  batteries,  the  voltage  range 
given  by  the  driving  motor  (see  Section  5.3)  is  not  used,  as  both 


Fig.  9.  Voltage  limit  test  for  the  lead-acid  battery. 


Fig.  8.  Discharge  curve  for  lithium  battery  A. 


Fig.  10.  Voltage  limit  test  for  lithium  battery  A. 
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Fig.  11.  Voltage  limit  test  for  lithium  battery  B. 

lithium  batteries  are  equipped  with  a  battery  management  system 
(BMS),  which  has  different  maximum  and  minimum  voltage  lim¬ 
its  for  safety  reasons.  The  maximum  voltage  level  is  particularly 
important  to  prevent  lithium  batteries  from  overcharge,  which  can 
lead  to  a  thermal  runaway  resulting  in  a  fire  [38].  The  voltage  level 
values  used  here  are  shown  in  Table  9. 

To  obtain  the  maximum  operating  range  of  the  batteries,  Eqs.  (4) 
and  (5)  were  used  to  calculate  the  intersection  between  UEs,max  and 
U level, max  as  well  as  the  intersection  between  UEs,min  and  Uieveimin. 
The  results  are  shown  in  Table  10.  As  can  be  seen  in  Figs.  9-11, 
there  is  no  intersection  with  the  lower  voltage  limit  L//eve/  min .  There¬ 
fore,  the  minimum  SOC  level  SOCmin  is  indicated  with  <10%  in 
Table  10,  as  the  linearized  characteristic  curve  in  Eq.  (6)  is  only 
defined  between  10%  and  90%  SOC.  This  means  that  all  batter¬ 
ies  are  always  able  to  deliver  the  maximum  peak  power  during 
acceleration  (see  Table  1 )  without  violating  the  lower  voltage  level 
^ level, min'  For  braking  in  contrast  there  is  a  limitation.  Only  for  a 
partly  discharged  battery  (SOC  <100%),  it  is  possible  to  store  the 
maximum  braking  power  (see  Table  1 )  in  the  battery  without  vio¬ 
lating  the  upper  voltage  level  Uievei,max.  All  three  batteries  have  to 
be  operated  on  a  partial  state  of  charge  (pSOC)  in  the  DMFC  hybrid 
system. 

6.4.  Driving  test 

The  starting  point  for  the  driving  test  (see  Section  5.4)  is  the 
maximum  SOC  indicated  in  Table  10.  If  each  battery  is  loaded  from 


Table  9 

Voltage  level  values  for  the  lithium  batteries. 


Voltage  level 

Lithium  battery 

A 

B 

13 level,  max 

13 level,  min 

29.4  V 

18.9V 

29.8  V 

18.9  V 

Table  10 

Maximum  operating  ranges. 

SOC  level 

Lead-acid  battery 

Lithium  battery 

A 

B 

SOCmax 

SOCmin 

53.4% 

<10% 

58.3% 

<  10% 

68.3% 

<10% 

Table  11 

Discharged  driving  energies. 


Lead-acid  battery 

Lithium  battery 

A 

B 

Edrive 

273.6  Wh 

529.9  Wh 

1243.5  Wh 

that  point  with  the  characteristic  driving  cycle  (see  Fig.  1 )  until  the 
minimum  SOC  in  Table  10  is  reached,  it  is  possible  to  discharge  an 
energy  content  Edrive  as  shown  in  Table  1 1 .  For  the  lead-acid  battery 
this  is  only  42%  of  the  minimum  needed  energy  for  start-up,  which 
was  determined  in  Section  5.4  as  650  Wh.  As  a  consequence,  it  is 
not  possible  to  cover  the  start-up  phase  of  the  DMFC  system  with 
this  lead-acid  battery.  It  becomes  clear  that  the  discharged  energy 
of  lithium  battery  B  is  more  than  needed.  Lithium  battery  A  is  only 
able  to  deliver  82%  of  the  needed  energy.  However,  compared  to 
the  lead-acid  battery  this  difference  is  acceptable. 

6.5.  Thermal  behavior 

To  test  the  thermal  behavior,  each  battery  was  integrated  into 
the  DMFC  hybrid  system  which  was  set  up  in  a  test  rig  as  described 
in  Section  5.5.  During  the  test  the  temperature  of  the  battery  was 
measured.  The  temperature  of  the  lead-acid  battery  reached  a  max¬ 
imum  value  of  60 0  C  after  an  operating  time  of  2.5  h.  The  test  was 
terminated  at  this  point,  as  the  real  temperature  in  the  single  cells  of 
the  battery  would  be  greater  than  the  temperature  measured  at  the 
housing.  For  a  second  test,  the  lead-acid  battery  was  equipped  with 
an  axial  fan  for  air  cooling.  The  maximum  temperature  after  2.5  h 
was  40 0  C  but  was  still  rising.  As  the  thermal  behavior  of  batteries 
is  important  in  terms  of  safety  and  lifetime,  the  lead-acid  battery 
failed  this  test.  It  is  not  possible  to  operate  the  DMFC  system  with 
this  lead-acid  battery  over  a  long  period  of  time. 

Especially  for  lithium  batteries  the  temperature  is  an  important 
factor  because  of  safety  reasons.  Therefore,  both  lithium  batter¬ 
ies  are  equipped  with  an  air  cooling  device.  The  integrated  battery 
management  system  (BMS)  controls  the  air  blower  according  to 
the  actual  temperature.  For  lithium  battery  A  it  was  shown  that 
the  temperature  will  always  stay  between  30°  C  and  35  °C.  This 
was  demonstrated  in  a  test  with  a  duration  of  more  than  200  h 
[23  ].  This  leads  to  the  conclusion  that  lithium  battery  A  shows  very 
stable  thermal  behavior.  In  contrast,  lithium  battery  B  showed  a 
temperature  increase  from  25 0  C  to  50 0  C  in  5  h  for  the  same  test. 
Reaching  50  °C,  the  BMS  disconnected  the  battery  from  the  load. 
Afterwards,  it  took  a  long  time  to  cool  the  battery  down  to  25 0  C 
again.  The  cooling  device  of  lithium  battery  B  is  thus  not  suitable  for 
this  kind  of  application  and  has  to  be  optimized.  A  modified  battery 
still  needs  to  be  tested. 

6.6.  Lifetime  test 

The  lifetime  test  for  the  lead-acid  battery  was  performed  as 
described  in  Section  5.6.  The  results  can  be  seen  in  Fig.  12.  Here, 
the  state  of  health  (SOH)  is  plotted  against  the  nominal  capacity 
turnover.  If  a  SOH  of  80%  defines  the  end  of  life  of  a  battery,  this 
is  reached  after  1443  nominal  capacity  turnovers.  At  that  point  it 
was  possible  to  refresh  the  battery.  This  refresh  consists  of  a  charge 
process  with  a  duration  of  40  h  and  a  charge  current  of  1  A.  The 
SOH  after  this  first  refresh  was  >80%  and  the  lifetime  test  was 
continued.  The  next  refresh  at  1882  nominal  capacity  turnovers 
was  unsuccessful.  Simulations  were  performed  to  get  a  feeling  of 
how  many  operating  hours  correspond  to  the  number  of  nominal 
capacity  turnovers.  These  are  described  in  detail  in  [23].  For  the 
characteristic  driving  cycle  in  Fig.  1,  we  got  0.78  nominal  capacity 
turnovers  for  an  operating  time  of  1  h  in  the  case  of  the  lead-acid 
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Fig.  12.  Lifetime  test  for  the  lead-acid  battery  and  lithium  battery  B. 


battery.  The  1443  nominal  capacity  turnovers  at  the  first  refresh 
corresponds  to  an  operating  time  of  1850h. 

For  the  lithium  batteries  the  lifetime  test  was  performed  exem- 
plarily  with  lithium  battery  B.  This  test  is  still  running.  The  first 
results  are  shown  in  Fig.  12.  It  can  be  seen  that  after  1940  nominal 
capacity  turnovers,  the  SOFI  is  still  96%.  At  this  time,  the  end  of  life 
of  the  lead-acid  battery  was  reached.  Here  the  pSOC  operation  had 
no  effect  on  the  lifetime  of  lithium  battery  B.  As  this  is  a  well-known 
phenomenon  for  lithium  batteries  [39],  it  is  expected  that  lithium 
battery  A  will  also  have  an  increased  lifetime  compared  to  the  lead- 
acid  battery.  This  1940  nominal  capacity  turnovers  correspond  to 
an  operating  time  of  3970  h. 

Obtaining  a  desired  lifetime  of  5000  h  [8  ]  for  the  complete  DMFC 
hybrid  system,  the  results  of  the  lifetime  test  have  the  following 
consequences: 

•  refresh  of  the  lead-acid  battery  at  the  end  of  life  -*  disadvantage: 
needs  a  long  time 

•  substitution  of  the  lead-acid  battery  at  the  end  of  life  disad¬ 
vantage:  several  sets  of  batteries  are  needed  for  the  lifetime  of 
the  system 

•  another  battery  technology  (e.g.  lithium)  disadvantage:  higher 
costs 

6.7.  Summary 

In  Section  5.1,  several  questions  were  defined  to  be  answered 
during  the  battery  characterization.  The  results  of  the  battery  char¬ 
acterization  can  be  summarized  as  follows: 

•  The  energy  content  of  the  lead-acid  battery  depends  very  much 
on  the  discharge  current.  In  contrast,  this  dependency  is  very 
small  for  both  lithium  batteries. 

•  All  batteries  must  be  operated  at  a  partial  state  of  charge  (pSOC). 

•  For  pSOC  operation,  the  energy  content  of  the  lead-acid  battery 
is  too  small  to  cover  the  start-up.  For  the  lithium  batteries  this 
energy  content  is  sufficient. 

•  Thermal  management  for  this  kind  of  operation  is  very  important. 

•  The  pSOC  operation  results  in  an  increased  aging  of  the  lead-acid 
battery,  whereas  this  operation  has  no  effect  on  a  rapid  decrease 
in  lifetime  of  the  lithium  batteries. 

6.8.  Rating  matrix 

The  characterization  tests  performed  with  one  lead-acid  bat¬ 
tery  and  two  lithium  batteries  were  compared  to  each  other.  The 
results  of  this  comparison  can  be  displayed  in  a  rating  matrix  (see 


Table  12 

Rating  matrix  for  the  battery  characterization. 


Lead-acid 

battery 

Lithium  battery  A 

Lithium  battery  B 

Capacity  test 

- 

0 

+ 

Voltage  limit  test 

- 

0 

+ 

Driving  test 

- 

0 

+ 

Thermal  behavior 

- 

+ 

- 

Lifetime  test 

- 

+ 

+ 

Table  12).  We  recorded  whether  each  battery  passed  (+)  or  failed 
( - )  the  different  tests.  If  the  test  result  was  sufficient,  it  was  marked 
with  0. 

It  can  be  clearly  seen  that  the  lead-acid  battery  is  unsuitable  for 
this  kind  of  application.  Lithium  battery  B  showed  the  best  results 
in  all  tests  except  the  thermal  behavior  test.  As  lithium  battery  A 
successfully  passed  this  test  and  also  showed  acceptable  results  in 
the  other  tests,  this  battery  was  chosen.  Although  no  lifetime  test 
was  performed,  better  lifetimes  are  expected  for  lithium  batteries 
in  general.  As  a  result,  the  DMFC  hybrid  system  was  constructed 
with  lithium  battery  A  [  16].  This  DMFC  hybrid  system  was  subjected 
to  a  long  term  test  in  a  test  rig  with  the  characteristic  driving  cycle 
(see  Fig.  1 ).  This  test  lasted  2200  h.  From  time  to  time,  a  capacity  test 
was  performed  for  lithium  battery  A.  At  the  end  of  the  long  term 
test,  the  SOH  was  nearly  100%.  There  was  no  aging  of  the  battery, 
which  proved  the  expected  longer  lifetime. 

7.  Conclusions 

There  are  several  advantages  (e.g.  faster  refueling,  extended 
operating  time)  in  replacing  the  lead-acid  battery  in  light  traction 
applications  with  a  DMFC  system.  A  possible  application  is  a  hori¬ 
zontal  order  picker,  the  typical  operation  of  which  can  be  described 
with  a  characteristic  driving  cycle.  Due  to  the  highly  fluctuating 
load  profile,  the  DMFC  stack  has  to  be  hybridized.  In  this  case,  an 
active  series  hybrid  is  the  best  solution.  According  to  the  require¬ 
ments  of  the  load  profile,  the  DMFC  stack  and  the  energy  storage 
are  dimensioned  in  the  run-up.  It  was  shown  that  for  this  kind  of 
application,  a  high  energy  density  as  well  as  a  high  power  den¬ 
sity  is  needed  for  the  energy  storage.  When  looking  at  different 
energy  storage  technologies,  it  becomes  clear  that  super  capacitors 
are  not  an  option  because  of  their  low  energy  density.  In  contrast, 
some  batteries  have  a  high  energy  density  and  high  power  density. 
Three  possible  batteries  (one  lead-acid  battery,  two  lithium  batter¬ 
ies)  were  identified.  To  find  the  best  battery  for  this  application, 
a  characterization  procedure  adapted  to  the  requirements  of  the 
application  was  developed.  The  aim  of  this  characterization  was  to 
analyze  the  behavior  of  the  battery  in  the  DMFC  hybrid  system.  A 
capacity  test  with  different  discharge  currents  showed  that  espe¬ 
cially  for  lead-acid  batteries  the  energy  content  depends  on  the 
discharge  current,  whereas  the  energy  content  of  lithium  batter¬ 
ies  is  nearly  independent.  For  use  in  the  DMFC  hybrid  system,  it  is 
important  that  the  battery  voltage  stays  between  defined  voltage 
limits.  A  voltage  limit  test  showed  that  all  characterized  batteries 
had  to  be  operated  at  a  pSOC  between  50%  and  70%.  As  the  battery  is 
operated  at  a  pSOC,  only  part  of  the  rated  capacity  can  be  used.  This 
energy  should  be  enough  to  operate  the  vehicle  during  start-up  of 
the  DMFC  system.  Only  the  two  tested  lithium  batteries  were  able  to 
cover  the  start-up.  The  battery  temperature  is  an  important  factor 
especially  for  lithium  batteries  because  of  safety  reasons.  A  thermal 
behavior  test  showed  that  cooling  the  batteries  is  very  important. 
The  identified  pSOC  operation  could  influence  the  lifetime  of  the 
battery.  It  was  shown  that  the  lead-acid  battery  undergoes  accel¬ 
erated  aging  under  this  operation,  whereas  the  lifetime  of  lithium 
batteries  is  not  influenced.  As  a  result  of  all  the  characterization 


5308 


J.  Wilhelm  et  al.  /  Journal  of  Power  Sources  196  (201 1 )  5299-5308 


tests,  a  lithium  battery  was  identified  as  the  best  battery  for  use  in 
the  DMFC  hybrid  system. 
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